Vairimorpha necatrix that appears to be orthologous to the eukaryotic (symbiont-derived) Hsp70 gene, the protein product of which normally functions in mitochondria. The simplest interpretation of our data is that microporidia have lost mitochondria while retaining genetic evidence of their past presence. This strongly suggests that microsporidia are not primitively amitochondriate and makes feasible an evolutionary scenario whereby all extant eukaryotes share a common ancestor which contained mitochondria.
Results and discussion
We used the polymerase chain reaction (PCR) with primers to conserved Hsp70 sequences to generate a homologous probe for screening a Vairimorpha necatrix genomic library prepared using EcoRI-digested DNA. Two clones with inserts of approximately 4.5 kilobases (kb) were isolated, and a region of 2.176 kb from one of these clones was sequenced on both strands (GenBank accession number AF008215). Because microsporidia are intracellular parasites and their insect hosts also contain other microorganisms, we demonstrated that the sequence originated from V. necatrix by carrying out PCR and Southern blot experiments ( Figure 1 ). The sequence contained a predicted open reading frame (ORF) of 1.734 kb (encoding 577 amino acids) that was characterised by a lower adenosine + thymidine (A + T) content (66%) than the flanking regions (average 80% A + T). The codon usage was highly biased with a marked preference (72% of all codons) for codons with A or T at the third position. The ORF was predicted (see Supplementary material available with the internet version of this article) to contain the ATPase and peptide-binding domains of Hsp70 family members [10, 11] , including residues that are essential for ATPase activity and triphosphate binding [12] . The presence of all these sequence features suggests, but does not prove, that the V. necatrix Hsp70 is not a pseudogene.
The amino terminus and carboxyl terminus of Hsp70 isoforms found in the rough endoplasmic reticulum (RER), mitochondria and chloroplasts typically contain targeting and retention signals [13] . The amino terminus of the V. necatrix Hsp70, which contains eight amino acids upstream of the first conserved block, does not resemble any known targeting sequences [14] ; the carboxyl terminus does contain the tripeptide serine-lysine-leucine (SKL), however, which serves as a peroxisomal targeting signal (called PTS1) in taxa that contain these organelles [14] . Microsporidia are reported to lack peroxisomes and mitochondria [2, 4, 15] , but this is based only on the reported absence of structures that bear strong morphological resemblance to these organelles, and not on detailed cytochemical data. Interestingly, no Hsp70 with a peroxisomal targeting signal has been described previously [13] , and there is no published evidence of Hsp70 localisation to peroxisomes in kinetoplastids, fungi, plants or vertebrates. However, yeast mitochondrial Hsp70s can be re-directed to different cellular compartments -nucleus or cytosolwhen cells are subjected to heat shock [16, 17] . Clearly, further investigation of the expression, cellular localisation (unidentified mitochondria or peroxisomes?) and function of the V. necatrix putative HsP70 protein are now required.
The results of all unconstrained phylogenetic analyses placed the V. necatrix Hsp70 partial protein sequence in the mitochondrial clade, with moderate to strong support values (by PUZZLE analyses) and bootstrap values depending on the method and sequences analysed ( Figure 2 ). Detailed examination of bootstrap partition and PUZZLE support matrices (data not shown) for each method indicated that the V. necatrix Hsp70 sequence had a weak (around 10% of bootstrap replicates or PUZZLE support values) tendency to gravitate towards the base of the clade containing outgroup RER and cytosolic Hsp70s; however, the Kishino-Hasegawa [18] test of log likelihood differences indicated that such topologies could be significantly discriminated from the maximum likelihood (ML) tree using the criterion of one standard error for log likelihood differences [3] . Furthermore, none of the proposed [19] signature sequences for cytosolic and RER Hsp70s were present in the V. necatrix sequence.
Analyses repeated without the V. necatrix sequence, but retaining the RER and cytosolic sequences, increased bootstrap support for the mitochondrial clade ( Figure 2a , boxed values for 40 taxa). Removal of the RER and cytosolic sequences also gave higher bootstrap support for a clade comprising the mitochondrial sequences and V. necatrix ( Figure 2b ). Additional evidence that the V. necatrix HSP70 is a mitochondrial orthologue is provided by the presence of a number of signature motifs including NGDvW and YsPaQIG (single letter code for amino acids and capitals for conserved positions) that are characteristic of mitochondrial and proteobacterial Hsp70s, but absent from cytosolic and RER isoforms (for example, see [7, 19] ). The NGDvW motif was not included in the alignment for phylogenetic analysis and, hence, the tree is independent of these data. The combination of the phylogenetic analyses and sequence details strongly suggest that the V. necatrix HSP70 gene is a mitochondrial orthologue.
The status of microsporidia as an early divergence in eukaryote evolution is largely founded on trees constructed from small subunit ribosomal RNA (SSUrRNA) gene sequences [2, 20, 21] or elongation factor sequences [3] . In contrast, recent trees based upon α-tubulin and β-tubulin sequences [22, 23] strongly suggest a much more recent origin for microsporidia among the fungi. Analysis of the current Hsp70 data does not support either of these alternatives definitively, but it is interesting that the ML method (Figure 2b ) consistently favoured a relationship between V. necatrix and fungal mitochondrial sequences, irrespective of the taxon sampling (Figure 2b and data not shown). Comparison of different trees using the KishinoHasegawa test [18] , however, revealed that alternative positions for the V. necatrix Hsp70 sequence within the mitochondrial clade could not be discriminated significantly from the ML tree using the criterion of one standard error for log likelihood differences. A relationship between V. necatrix and fungal mitochondrial sequences was seldom observed in least squares and maximum Current Biology parsimony analyses, as indicated by much lower bootstrap values (ranging from 11-36%). If microsporidia are eventually confirmed as derived from fungi -and a more complete sampling of a microporidian genome is needed to decide this issue -then it clearly would have important implications for the way microsporidia are viewed in terms of medicine and evolution. Not least will be the question of why some genes -those encoding SSUrRNA or elongation factors -but not others -for example, genes encoding the tubulins -have apparently undergone such enormous sequence divergence from those in their putative fungal cousins.
The discovery of the V. necatrix mitochondrial Hsp70 orthologue strongly suggests that microsporidia once contained mitochondria. They now join other eukaryotes that were once considered to be primitively amitochondriate, but which are now thought to have lost or modified this organelle, including Entamoeba [24] , Trichomonas [6] [7] [8] [9] and, probably, Giardia [5, 25] . These taxa were arguably the best candidates for being descendants of a pre-mitochondrial phase of eukaryote evolution [2, 4, 15] ; together, they represent the major groups previously classified as Archezoa, a paraphyletic group defined by the hypothesised primitive absence of mitochondria [4, 15] . We recognise that many small microbial eukaryotes living in anaerobic habitats are still not well studied [26] , but it now appears quite possible that all extant eukaryotes may have shared a common ancestor that contained the mitochondrial endosymbiont. (a) Maximum parsimony (MP) bootstrap (500 replicates) consensus tree and (b) maximum likelihood (ML) consensus tree (using the program PUZZLE 3.0 [28] with 1000 puzzling steps) for 41 and 37 Hsp70 sequences, respectively. All analyses were performed with 461 unambiguously aligned amino acid positions. Note that both trees are unrooted. The trees show the position of the V. necatrix sequence within the mitochondrial clade (which also contains the hydrogenosomal Hsp70 from Trichomonas vaginalis [7, 8] ). Support values above branches correspond to the depicted analysis. Support values below relevant branches are from analyses of the same data set using different methods: in (a), an ML (1000 puzzling steps) and a least squares (LS) distance (100 bootstrap replicates) analysis, respectively, and in (b), an MP and an LS distance analysis, respectively. Note that ML-PUZZLE support values are not the same as bootstrap values but are reported [28] to correlate generally well with them. Polytomies in (b) indicate regions of the tree where phylogenetic signal is weak, and correspond broadly to branches with low bootstrap values in MP and LS analyses. Boxed values in (a) correspond to support values for clades when the V. necatrix sequence is removed (40 taxa data set).
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While this manuscript was in review, Germot et al. [27] have reported the identification of a mitochondrial Hsp70 orthologue in a different microsporidian, Nosema locustae. Preliminary analyses reveal that their gene sequence clusters together with the V. necatrix gene in all phylogenetic analyses. Furthermore, the Nosema sequence clusters weakly with the fungi in maximum likelihood analyses [27] , and it also has a putative PTS1 peroxisomal targeting signal.
Supplementary material
A supplementary figure showing the amino acid sequence alignment with a list of signature sequences supporting the mitochondrial/bacterial relationship, and the detailed Materials and methods are published with this paper on the internet.
